The purposes of this study were two. First, we wanted to evaluate in patients a technique for automated adjustment of selected energy for defibrillation or cardioversion based on transthoracic impedance. Second, we wanted to define the relationship of peak current and shock success in various arrhythmias. Applying a previously validated method of predicting transthoracic impedance in advance of any shock, we modified defibrillators to automatically double the operator-selected energy if the predicted impedance exceeded 70 Q. Success rates of shocks given for ventricular and atrial arrhythmias from these modified energy-adjusting defibrillators were compared with success rates for shocks given from standard defibrillators. We prospectively collected data on 347 patients who received a total of 1009 shocks. Low-energy (100 J) shocks given to high-impedance (.70 Q) patients had a poor success rate; in such high-impedance patients significant improvement in shock success rate was achieved by the energy-adjusting defibrillators. For example, when 100 J shocks were selected for high-impedance patients in ventricular fibrillation the energy-adjusting defibrillators achieved a shock success rate of 75%, whereas standard defibrillators achieved a shock success rate of only 36% (p < .01). Similar improvements were seen for ventricular tachycardia and atrial fibrillation. Thus, automated energy adjustment based on transthoracic impedance is a beneficial approach to defibrillation and cardioversion. For ventricular fibrillation, atrial fibrillation, and atrial flutter there was a clear relationship between peak current and shock success. The highest shock success rates achieved were 93% for ventricular fibrillation (at 38 to 41 A), 79% for atrial fibrillation (at 30 to 33 A), and 75% for atrial flutter (at 14 to 17 and 22 to 25 A). Thus, we have prospectively defined the peak currents that are associated with maximum shock success in various arrhythmias. These data permit a prospective clinical trial of current-based defibrillation and cardioversion.
TO DEFIBRILLATE or cardiovert, passage of sufficient electrical current through the heart must occur. [1] [2] [3] However, the optimal currents for the termination of various arrhythmias have not previously been defined. In traditional clinical practice, the operator selects an energy arbitrarily; the American Heart Association at present recommends an initial shock energy of 200 J to terminate ventricular fibrillation.4 However, the actual current flow is determined not only by the selected energy but also by the transthoracic impedance. If the transthoracic impedance is high, low energy may generate inadequate current to achieve defibrillation. For example, we previously found that defibrillation was achieved by only 20% of 100 J shocks given to patients with very high ( > 97 Q) transthoracic impedance, as opposed to a 70% success rate of 100 J shocks given to patients with low or average impedance.5 Although this problem could be overcome by selecting higher shock energies, excessive energy and current may cause morphologic and functional damage.6-9 Thus, low energies and current, when appropriate, are preferable.
In view of these considerations, a reasonable first approach would be to base energy selection on transthoracic impedance: a relatively low energy, 100 J, should achieve defibrillation or cardioversion in most patients with low impedance, whereas higher energies, 200 J or more, are needed for high-impedance patients. We therefore devised an impedance-based energy adjustment technique, by which the operator-selected energy was automatically increased if the impedance, measured instantaneously before the shock was delivered,5' 10 was found to be high. We previously tested this approach in experimental animals, and found a substantial improvement in shock success when the operator-selected energy was doubled in response to a preshock impedance exceeding 70 Q The purposes of the present investigation were two. Our first goal was to prospectively apply this transthoracic impedance-based energy adjustment technique to patients undergoing emergency defibrillation and elective cardioversion. Our hypothesis was that a low energy, 100 J, could be initially selected for all patients. For low impedance patients this low-energy level should generate adequate current to defibrillate; for patients with a high transthoracic impedance the impedance-based energy adjustment feature would automatically compensate by doubling the operatorselected energy, in order to generate sufficient current in face of the high impedance. This represents the direct clinical application of the technique we recently demonstrated to be effective in experimental animals.1S ince the optimal currents for defibrillation and cardioversion of various arrhythmias are not established, our second goal was to prospectively collect information on the relationship ofpeak current vs shock success in a large number of patients with different arrhythmias. By defining the optimal range of current for defibrillation or cardioversion of various arrhythmias, and by instantaneously determining the patient's transthoracic impedance, it would then become a simple matter to have the device automatically select the exact energy necessary to generate the desired peak current. This would lead to a long-range goal, a prospective clinical evaluation of current-based defibrillation.
Methods
The study was approved by the University of Iowa Human Research Committee. Between March 1982 and July 1987, data were collected prospectively from a total of 347 patients receiving 1009 shocks for ventricular fibrillation ("defibrillation") or for ventricular tachycardia, atrial fibrillation, or atrial flutter ("cardioversion"). Shocks given for ventricular fibrillation were defined as`successful" if the shock resulted in termination of ventricular fibrillation and the resumption of an organized rhythm, usually sinus rhythm. In a few cases shocks given for ventricular fibrillation produced temporary asystole and/or paced rhythms; these shocks were also defined as successful. We defined successful cardioversion as the conversion of ventricular tachycardia to a supraventricular rhythm (usually sinus rhythm), or to temporary asystole, or the conversion of atrial fibrillation or atrial flutter to sinus rhythm.
The shocks were administered in the electrophysiology laboratory, cardiac catheterization laboratory, coronary care unit, emergency room, or in-patient wards (table 1). The electrodes used were either standard hand-held electrode paddles or self- Transthoracic impedance was predicted by the Hewlett-Packard defibrillators in advance of any shockwith a "test-pulse" technique we have previously described and validated in detail.S' 0 Ninety-six patients in this study who form part of the control froup were also reported on in the previous validating studies. 12 When the defibrillator was actually discharged, the selected and delivered energy, peak current flow, and the patient's transthoracic impedance during the discharge were monitored by a microprocessor and annotated on a hard copy electrocardiographic writeout.'3 Four Hewlett-Packard defibrillators were specially modified to adjust the operator-selected energy if the predicted preshock impedance exceeded 70 Q, which our previous study showed to be the approximate mean transthoracic human impedance.14 These modified defibrillators were put into use in 1984, after 2 years of prospective data collection on "control" patients, who received shocks from standard defibrillators. The modified defibrillators were placed in areas of frequent direct-current shock delivery: the coronary care unit, electrophysiology laboratory, and cardiac catheterization laboratory. Patients receiving shocks from these defibrillators formed the "intervention" group. Standard defibrillators (nonenergy-adjusting) also remained available in these units, thereby allowing data collection on both control and intervention patients. In response to a high (.70 Q) impedance, the modified Hewlett-Packard defibrillators automatically doubled the energy, i.e., 100 J was automatically increased to 200 J, 150 to 300 J; and 200 to 360 J (the maximum energy setting available on the Hewlett-Packard defibrillators, which could not be exceeded). However, if the predicted impedance exceeded 150 Q then these special defibrillators were programmed to revert to the operator-selected energy. This was done because such very high impedance readings usually indicate very poor or absent electrode-chest contact (for example, if the operator initiated the charge cycle/impedance determination before hand-held paddle electrodes were applied to the patient's chest). Other defibrillators, which were not modified to alter the energy based on impedance, also annotated the energy, current, and impedance for each shock. Patients receiving shocks from these standard nonmodified units served as controls. The nearest available defibrillator was used to deliver shocks; no formal randomization to standard or modified defibrillator groups was done.
The following protocols for energy selection were used: for defibrillation, we recommended that the operator select an initial shock energy setting of 100 J in the electrophysiology labora-Vol. 77, No. 5, May 1988 tory, 100 or 200 J in the cardiac catheterization laboratory, and 200 J in all other locations. If the initial shock failed to defibrillate, we recommended stepwise increases in 100 J increments, from 100 to 200 J, from 200 to 300 J, and finally to the maximum level of 360 J (400 J on the Datascope defibrillators). To perform cardioversion of ventricular tachycardia and atrial fibrillation, initial shocks of 100 J were recommended, with stepwise increases as above. For atrial flutter we suggested initial shocks of 20 J. The physicians supervising the procedures could choose lower or higher initial or subsequent shock energies at their clinical discretion, or could choose intermediate energies, such as 150 instead of 200 J. However, the physicians were not aware of the predicted impedance when choosing the initial shock energy. In 17 patients with ventricular fibrillation, the physicians elected not to follow the energy recommendation, usually beginning at a higher energy than the protocol specified.
Statistical analysis. We used chi-square tests to compare the success rates of shocks given from the specially modified energy-adjusting defibrillators (intervention group) with the success rates of the standard defibrillators (control group). We required, as a minimum, more than five shocks in each arrhythmia/energy category to perform the chi-square test. Testing was done separately for each of three arrhythmias (ventricular fibrillation, ventricular tachycardia, atrial fibrillation) and for the two energy classifications of 100 and 150 or 200 J. We also compared the success rates of shocks of 100 J from standard defibrillators given to high-impedance patients vs the success rates of 150 to 200 J shocks from the standard defibrillators given to highimpedance patients. Similar comparisons were made for the standard defibrillator shocks given to low-impedance patients, and also for the energy-adjusting defibrillators. The number of shocks given for atrial flutter was too low to analyze in this way so those shocks were omitted. Since few shocks of selected energies of less than 100 J or of 300 or more J were given, and since the energy-adjusting Hewlett-Packard defibrillators could not in any case exceed 360 J, those data were also omitted from the success vs failure comparisons.
Chi-square testing was also used to compare the clinical characteristics of the patients with induced ventricular fibrillation (electrophysiology laboratory) and those of patients with spontaneous ventricular fibrillation. Chi-square testing was also used to compare the clinical characteristics of the control (standard defibrillators) and the intervention (energy-adjusting defibrillators) groups of patients with ventricular fibrillation. Shock success vs peak current was plotted separately for ventricular fibrillation, ventricular tachycardia, atrial fibrillation, and atrial flutter. For this purpose we used data from all shocks, including those of less than 100 J and of 300 and 360 J.
In 25 patients (46 shocks) the modified energy-adjusting defibrillators failed to double the operator-selected energy for high (exceeding 70 Q) impedance, and in nine patients (16 shocks) the defibrillators incorrectly doubled the energy when the impedance was less than 70 Q. These errors happened for two reasons. First, the impedance prediction technique has a high (r = .97), but not perfect, correlation with the actual impedance.5 Thus, the predicted impedance could have been on one side of the 70 Q threshold when the actual (annotated) impedance was on the other. Second, in some cases in which hand-held paddle electrodes were used, the charge cycle was initiated while the paddles were not in contact with the patient's chest, a condition leading to an unphysiologically high predicted impedance reading that the defibrillator was programmed to reject so that it would not double the operator-selected energy.
When the electrodes were then placed on the patient's chest to deliver the actual shock, the annotated impedance to the shock might have exceeded 70 Q. When these discrepancies occurred we treated the data for statistical purposes as though the shock had been given from a standard defibrillator, including the individual shock data points in the control group.
Results
A total of 347 patients were studied prospectively; 1009 shocks were given. The intervention group consisted of 126 patients who received shocks from the energy-adjusting defibrillators. The control group consisted of patients receiving 256 shocks from standard defibrillators. Some patients received shocks for two different arrhythmias and/or from both types of defibrillators, and they were counted in both groups. The number of patients with each arrhythmia, number of shocks for each arrhythmia, and the patient locations are presented in table 1. Table 2A compares the characteristics of the patients with induced ventricular fibrillation and those of patients with spontaneous ventricular fibrillation. The spontaneous ventricular fibrillation group had a higher rate of acute infarction and secondary ventricular fibrillation, and lower survival. Table 2B compares the clinical characteristics of the control and intervention groups of patients with ventricular fibrillation. The control group had a significantly but modestly higher rate of acute infarction and secondary ventricular fibrillation. In all other respects the two groups were similar.
The mean first-shock (shocks of 100 J or higher only) transthoracic impedance of the entire group was 75 + 21 (SD) Q. Subdividing the patients, the transthoracic impedance was "high" (.70 Q) in 215 patients (range 70 to 150 Q, mean 89 + 16), and "low" (<70 Q) in 132 patients (range 28 to 69 Q, mean 56 + 11). Table 3 summarizes the effect of transthoracic impedance and the success rates of different selected energies. The success rate of 100 J shocks for ventricular fibrillation given from standard defibrillators to high-impedance patients was 19/53 or 36%, significantly lower than the success rate of the 150 to 200 J shocks given from standard defibrillators to the highimpedance patients (34/47 or 72%, p < .01). Similarly, AChi-square comparison not performed because of inadequate data points (see text). p < .01). Similar comparisons among shocks given for atrial fibrillation and to patients with low impedance did not show a statistically significant difference, nor were there any significant differences in the success rate comparisons of 100 J vs 150 to 200 J shocks given to either highor low-impedance patients when the energy-adjusting defibrillators were used.
The comparative results of shocks from standard vs impedance-based energy-adjusting defibrillators are given in table 4 and figure 1 . This table presents the results of all shocks administered at specified energy levels. For patients with high impedance (>70 Q), the energy-adjusting defibrillators had higher success rates than did the standard defibrillators when energy levels of 100 J were selected for ventricular fibrillation, ventricular tachycardia, and atrial fibrillation (figure 1). For patients with lower impedance, in whom the impe- dance-based energy-adjusting defibrillators behaved as did standard ones and did not alter the operator-selected energy, the success rates of 100 J shocks given from the standard vs modified defibrillators were not different. Peak Current (Amperes) FIGURE 2. Relationship between peak current and shock success (shocks given for ventricular arrhythmias).
When higher initial energies (150 to 200 J) were selected, the success rates of the two different types of defibrillators were not different in either the high or low impedance groups. Table 5 presents similar data for the first shock only for each patient for each arrhythmia. The results are similar to those in table 4.
The relationships between peak current and shock success are given in tables 6 (all shocks) and 7 (first shock only for each patient with each arrhythmia) and figures 2 and 3. For ventricular fibrillation, atrial fibrillation and atrial flutter, there was a parabolic relationship between current and success, whether one examines the data from all shocks (table 6) or first shocks only (table 7) . Low-current shocks had a poor success rate. The highest shock success rates achieved (all shocks, table 6) were 93% for ventricular fibrillation (at 38 to 41 A), 79% for atrial fibrillation (at 30 to 33 A), and 75% for atrial flutter (at 14 to 17 and 22 to 25 A). For ventricular tachycardia there was no clear relationship of current to shock success; high success rates were achieved at all current levels.
The shock success rates for termination of ventricular fibrillation with the use of hand-held paddle electrodes vs use of self-adhesive pad electrodes are compared in table 8. No significant differences in success rate were found at any current level with either system. Peak Current (Amperes) FIGURE 3. Relationship between peak current and shock success (shocks given for atrial arrhythmias). 
Discussion
The major findings of this study are three. First, we have shown that low-energy (100 J) shocks have a high success rate when given to patients with ventricular fibrillation and low transthoracic impedance, but a poor success rate when given to high-impedance patients.
Second, we have shown that it is feasible and beneficial to automatically and immediately adjust operator-selected energy to compensate for high transthoracic impedance in patients; the adjustment of energy results in significant improvement in the success of shocks given to terminate ventricular and atrial arrhythmias. The methods we have previously demonstrated to be rapid and effective in experimental animals" can be Vol. 77, No. 5, May 1988 applied to clinical emergency defibrillation and elective cardioversion. Third, we have defined the current vs success relationships of shocks given to terminate four different arrhythmias. This is the first report of these relationships in a large number of patients from whom data have been gathered prospectively.
We arbitrarily chose 70 Q as a dividing point in the method of impedance-based energy adjustment, since previous studies by us found this to be the approximate mean human transthoracic impedance.5' 14 The actual mean transthoracic impedance in this study was slightly higher, 75 + 21 Q, and for this reason the number of patients with high transthoracic impedance (.70 Q) exceeded the number of low-impedance patients. We previously showed that a high transthoracic impedance adversely affected the success rate of low-energy shocks for termination of ventricular fibrillation.5 In that study we defined high impedance as greater than 97 Q. The present investigation extends and confirms the previous work. For patients with either ventricular fibrillation or ventricular tachycardia and high impedance the success rate of 150 to 200 J shocks from standard defibrillators was higher than that of 100 J shocks. No differences were seen in success rates of the two energy levels when shocks were given to lowimpedance patients. Thus, when ventricular arrhythmias are encountered, energies of 150 to 200 J should be selected unless it can be quickly determined that the patient has a low transthoracic impedance, or unless an energy-adjusting defibrillator, which can boost energy to compensate for high transthoracic impedance, is available.
Our study, although prospective, was not a strictly randomized one. It is therefore important to assess the comparability of the control group receiving shocks from the standard defibrillators and the intervention group that received shocks from the modified energyadjusting defibrillators. These comparisons are given for the patients with ventricular fibrillation in table 2B. The two groups are similar with regard to age, acidosis, hypoxia, antiarrhythmic drugs, and coronary artery disease. Only a minority of patients in both groups had acute myocardial infarction and secondary ventricular fibrillation, but the occurrence of these latter events was higher in the patients receiving shocks from standard defibrillators. Such patients might be harder to defibrillate and this may have contributed to the greater defibrillation success of the modified defibrillators. However, the differences in the incidences of acute infarction and secondary ventricular fibrillation in the two groups are modest, and it is unlikely that the substantially greater success of the modified energyadjusting defibrillators could be explained by these differences alone.
Defibrillation and cardioversion are actually accomplished by current traversing the heart.'-3 Geddes et al. 15 found current to be a better descriptor than energy for defibrillation, suggesting a current-based approach. Current-based defibrillation thresholds, in contrast to energy thresholds, were found in animal studies to be independent of transthoracic impedance3 and, when normalized to body weight, were shown to be relatively constant over a wide range of weights in different species. 15 In humans, however, the range of minimum currents required to terminate ventricular fibrillation is wide, and no single "threshold" current value has been determined.'6' 17 Babbs et al.'8 suggested that the relationship between current and shock success allowed definition of an optimal (not threshold) current in animals, but few clinical findings have been presented concerning the application of this concept to patients in ventricular fibrillation, and no data have been previously presented with which to test its applicability to ventricular tachycardia or atrial fibrillation or flutter. The large number of prospectively gathered current vs success data points in our study afforded us the opportunity to examine this concept of an optimal current clinically for the first time. Our data support the concept, whether one examines all the data points (table 6) or only the data from the first shock given to each patient (table  7) . For example, as shown in figure 2, the success rate of shocks for ventricular fibrillation was very poor at peak currents up to 21 A; the success rate then climbed steeply as peak current increased. At currents of 38 to 41 A the success rate was 100% (first shocks, table 7) or 93% (all shocks, table 6 and figure 3) .
At high currents, the success rate of shocks for ventricular fibrillation began to fall, declining to 55% (all shocks) or 40% (initial shocks) when current exceeded 54 A. We cannot determine whether the declining success rate at higher current occurred because the high currents were functionally toxic to these hearts, or because these were severely diseased and damaged hearts. The latter concept is supported by close examination of the high-current shock failures. Fourteen shocks that achieved currents of 46 A or higher failed to terminate ventricular fibrillation (table  6) . These shocks were given to eight patients, six of whom were located in the coronary care unit, emergency room, or cardiac catheterization laboratory. Seven had coronary artery disease and six had sustained an acute or recent myocardial infarction. Only one of these patients was undergoing a provocative electrophysiologic study on an elective basis and he was the only survivor. Quite possibly it was the combination of excessive current and an already damaged myocardium that was deleterious to these patients and resulted in failure to terminate ventricular fibrillation.
The patients with atrial arrhythmias were not acutely ill, unlike those with ventricular fibrillation. Why did higher currents fail in this group? In part this may have been due to our energy selection protocol, which recommended higher energy (and higher currents) only after lower energies failed. Thus, the higher-current shocks tended to be given to hard-to-convert patients. For example, of 16 shocks in the 42 to 45 A range administered for atrial fibrillation, only two were first shocks, and the remaining 14 shocks were given after one or more lowercurrent shocks had failed. The success rate of all shocks at this current level was only 63%. Would the success rate of high-current shocks have been higher if our protocols had specified higher initial energy and current? For atrial flutter, at currents of 26 A or higher, the 55% success rate for all 11 shocks given was similar to the success rate if only first shocks are examined (40%, 2/5). Thus, even if high energies had been used more often for first shocks in patients with atrial flutter, it is not clear that the resultant high current would necessarily have achieved a higher shock success rate. Similarly, in patients with ventricular fibrillation, high current (. 46 A) first shocks had a success rate of only 44% (4/9). Thus, it is not obvious that the fall-off in success rates at higher current levels was simply a function of our energy selection protocols, and this again suggests that high current per se may be deleterious.
The success vs current curve for atrial fibrillation also followed Babb's construct18: the success rate rose steeply as the peak current increased, from 0% success at less than 17 A to 79% at 30 to 33 A ( figure 3 ). For atrial flutter, the success rate also climbed steeply, from 13% success at 6 to 9 A to 75% when current exceeded 14 A, and success remained roughly in this range through 25 A. Again, these relationships hold whether one examines all shocks (table 6) or includes only data from first shocks (table 7) . For ventricular tachycardia there was no clear-cut relationship between shock success and peak current. Peak current is not the only determinant of shock success, especially for ventricular fibrillation. We have previously shown that a prolonged delay before the first shock has an adverse effect on shock success.17 ' 19 In an effort to define the effect of the duration of ventricular fibrillation on the peak current-shock success relationship, we divided our patients into two groups: patients who developed ventricular fibrillation in the electrophysiology and cardiac catheterization laboratories while wearing self-adhesive defibrillator pads and patients who received shocks from the traditional hand-held paddle electrodes (coronary care unit, inpatient wards, emergency room). The former group almost always received an initial shock within 15 sec of developing ventricular fibrillation; the latter patients generally received a shock within 1 min. No differences in shock success at any current level were found in these two groups (table 8) . Thus, we could not show an effect of time on the current vs success relationship as long as the initial shock was delivered within 1 minute. Whether the current-shock success relationship would be altered if the initial shock were not delivered until several minutes ofventricular fibrillation had occurred, as would be the situation in an out-of-hospital arrest, is unknown; possibly there would still be an optimal current, but the success rate at all current levels might be lower after prolonged ventricular fibrillation. Prospective data from out-of-hospital arrests will be necessary to answer this question.
Although the main focus of our study was on termination ofarrhythmias by electrical shocks, we also examined the survival to discharge rates for the patients with the most malignant arrhythmia, ventricular fibrillation. The prognosis of these patients depended on whether their arrhythmias were provoked in the electrophysiology laboratory, or developed spontaneously in the coronary care unit, cardiac catheterization laboratory, etc. As shown in table 2A, the spontaneous ventricular fibrillation group had a poor survival rate, 33%, which is not surprising in view of the high incidence of acute myocardial infarction and secondary ventricular fibrillation in these patients. All but three of the patients undergoing provocative electrophysiologic studies survived to discharge; the three deaths in this group were unrelated to the electrophysiologic studies, and occurred more than 24 hr after those studies.
With the newly available technology for immediate, accurate impedance prediction5 and energy adjustment, current-based clinical defibrillation and cardioversion could be substituted for the traditional energybased method. The operator would select the desired current; the test-pulse technique would determine the transthoracic impedance and an energy exactly sufficient to produce that peak current would automatically be selected by the defibrillator. Our data show that a peak current of 38 to 41 A would have the highest success rate for ventricular defibrillation. However, this relatively high current might expose the patient to functional or morphologic toxicity,6-9 especially if repeated shocks were necessary due to refibrillation. Peak currents between 30 and 37 A would achieve success in the 80% range, and might be safer. Our data show that lower currents will have a lower initial shock success rate, and this is supported by a preliminary report of Lerman et al.20 Note that for the patient with average transthoracic impedance (75 Q in this study), to achieve a 30 A current requires a delivered energy of 205 J -which almost exactly matches the present American Heart Association recommendation of 200 J as the initial selected energy for defibrillation.4 Thus, use of such a current-based defibrillation method would make little difference for the average patient. However, low-impedance patients would receive lower energies based on a current-based method, which should be safer, and high-impedance patients could avoid receiving inappropriately low energy-low current shocks, and would presumably thereby receive fewer total shocks and would be defibrillated more quickly. Thus, a current-based defibrillation method should be beneficial primarily to patients whose transthoracic impedance deviates from the average.
Based on the data from the present study, a possible approach to current-based defibrillation might be to administer an initial one or two shocks of, arbitrarily, 30 A, increasing the current to 40 A if the initial shocks failed. Thirty ampere shocks should also yield good success rates for termination of atrial fibrillation and ventricular tachycardia, while 17 A would be an appropriate choice for patients in atrial flutter. We have now begun a prospective study, using these guidelines, of current-based defibrillation and cardioversion. If a current-based approach can be shown to terminate arrhythmias more quickly and to require fewer shocks, it may be superior to traditional energy-based methods for defibrillation and cardioversion.
